This study presents an analysis of air circulation and microclimate distribution during 14 daytime in a 1-hectare Canary type tomato greenhouse in the coastal area of southern 15
exchanges between the greenhouse air and the tomato crop, and (iv) detailed simulation of 23 climate parameters in a 1-hectare real-scale commercial greenhouse. 24
The model simulations were first validated with respect to temperature and relative 25 humidity fields measured inside the experimental greenhouse for fairly steady-state outside 26 conditions marked by a prevailing sea breeze around the solar noon. A good agreement was 27 observed between the measured and simulated values for inside air temperatures and specific 28 humidity. It was next used for exploring the details of the inside air temperature and humidity 29 fields and plant microclimates and transpiration fluxes throughout the greenhouse space. 30
Simulation for a wind direction perpendicular to the side and roof openings shows that the 31 insect screen significantly reduced inside air velocity and increased inside temperature and 32 humidity, especially in the vicinity of the crop canopy. It revealed the details of the flow field 33 within the greenhouse. At the windward end of the greenhouse, the flow field was marked by 34 a strong windwise air current above the tomato canopy which was fed by the wind ward side 35 vent, and a slow air stream flowing within the tomato canopy space. Then, from the first third 36 of the greenhouse to the leeward end, the flow field was marked by the combination of wind 37 and buoyancy forces, with warmer and more humid inside air which was evacuated through 38 the upper roof vents, while colder and dryer air was penetrated through the upper roof vent 39 openings. Based on these simulations, design studies of the greenhouse crop system were 40 performed to improve inside air temperature and humidity conditions by simple modifications 41 of orientation of the crop rows. (Majdoubi, 2007) has been spreading rapidly in the Canary Island, along the 4
Mediterranean coast of Spain and on the Atlantic coast of Morocco. With a total of about 5 100,000 hectares (Jouet, 2006) , this type of greenhouse is now one of the most widely used in 6 the world. However, because of its design and its use in subtropical regions, this type of 7 structure has a very heterogeneous inside climate, which can be damaging to crop activity, 8 particularly transpiration and photosynthesis. These greenhouses are often very large ( 1 9 hectare or more), and sidewall ventilation is more commonly used than roof ventilation; these 10 factors intensify the climatic heterogeneity. Moreover, to reduce the need for pesticide 11 application the vent openings have to be equipped with fine-mesh insect screens. They act as 12 mechanical barriers to insects but also to air and significantly reduce the ventilation rate and 13 thus tend in turn to rise inside air temperature and humidity. 14 Computational fluid dynamics (CFD) have also been increasingly used to study greenhouse 15 ventilation, whether driven by wind (Mistriotis et al., 1997; Haxaire, 1999) or buoyancy forces, 16 (Lamrani, 1997; Boulard et al., 1999) , in both greenhouses and tunnels (Boulard and Wang, 2000) . 17 Recently, Bartzanas et al. (2002) have characterised and numerically modelled the effects 18 of insect screens on ventilation and inside climate in a tunnel greenhouse.
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The effects of fine insect screens on the vent openings of Spanish 'Parral' greenhouses or 20
Moroccan 'Canary type' greenhouses have been studied in details and simulated by means of 21 CFD packages. Campen et al. (2003) and Molina-Aiz et al. (2004) have analysed the effect of 22 wind speed on natural ventilation openings in a Spanish 'Parral' type greenhouse equipped 23 with screened top and side ventilation, using a three-dimensional and a two-dimensional CFD 24 simulation respectively. In both studies, the greenhouse-dependent ventilation characteristics 25 and the influence on ventilation rate of wind direction and the geometry of the openings were 26 numerically assessed. 27
For a commercial Canary type greenhouse of 0.5 ha, equipped with insect screens on side 28 and roof openings, Fatnassi et al.(2003 and 2006) have characterised the inside climate and 29 the air exchange by means of tracer gas measurements, and then used these data to validate a 30 three-dimensional simulation model using a commercial CFD software package (CFD2000). 31
As they increase in size, and with insect screening now being used systematically on their 32 roof and side openings, Parral and Canary type greenhouses are looking increasingly similar 33 to the large screenhouses used for horticultural production, which are also spreading rapidly 34 in the subtropical and Mediterranean regions. Several studies have recently stressed the 35 similarities between the two types of structure concerning their heat and mass balances 36 (Tanny et al., 2006) and the mechanisms involved in developing their inside climates (Tanny 37 et al., 2003) . 38
Although the Parral or Canary type greenhouse has been intensively studied in last decade, 39 these studies still show some deficiencies which raise questions as to the realism of their 40 climate simulations. The most crucial defect is that they fail to consider the interactions 41 between canopy and air, and to couple convective and radiative exchanges, particularly at the 42 level of the greenhouse roof cover. Similarly, few studies have been based on three-43 dimensional studies for the greenhouses larger than 1 hectare which constitute the majority of 44 the greenhouse area in Morocco. 45
In a previous study performed in the same greenhouse, Majdoubi et al.(2007) showed that 46 the overall ventilation performance of this type of shelter was hindered both by the insect 47 screening of the vents and the orientation of the tomato rows perpendicularly to the prevailing 48 wind. Therefore, the aim of the present study was to analyse in details the distribution of 49 inside airflow and temperature and humidity fields in interaction with crop rows distribution. 50
We combined an experimental study and a modelling study of the micro-climate inside a 1 real large scale Moroccan Canary type greenhouse of 1.12 ha equipped with insect screens 2 (called 20/10 for 20 meshes cm -1 along the width and 10 meshes cm -1 along the length), 3 across the roof and sidewall ventilation openings. The greenhouse numerical climate model is 4 based on a commercial CFD (CFD2000®/ Storm) simulation of convective transfers, 5 completed by a simulation, in each grid cell of the canopy, of the sensible and latent heat 6 exchanges between the tomato crop and the greenhouse air (Boulard and Wang, 2000) , 7
together with the combination of radiative and convective transfers at roof level (Montero et 8 al., 2005 , Ould Khaoua, 2006 ). 9
The model was first validated by the measured data and then used to explore the details of 10 air flow, temperature and humidity distribution. This CFD-assisted exploration of the inside 11 climate and air circulation allows for a better assessment of the overall climate and plant 12 activity and more rapid progress towards ways of improving them. 13 14 2. The numerical method 15 2.1. The numerical approach 16
The classical mass, momentum, energy and concentration equations can be represented 17 for a steady-state, three-dimensional flow with the following conservation equation: 18
where φ stands for the variables of interest, i.e. the three velocity components u i (m.s -1 ), the 20 temperature T (K), and the specific humidity w (kg H2O .kg moistair -1 ). Γ φ and S φ represent the 21 diffusion coefficient and source term of φ and a description of their forms can be found in
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Boulard & Wang (2000) . The system of equations built with these variables is numerically 23 solved with the finite volume method. Algorithms and methods for the resolution of this 24 system of equations can be found in the CFD 2000 (2004) user's guide and will not be 25 repeated here. To model the turbulent constraints using the standard k-ε turbulence model (Launder 26 and Spalding, 1974) , in equation (1) φ stands also for the turbulent kinetic energy k (m 2 s -2 ) and 27 the dissipation of the turbulent kinetic energy ε (m 2 s -3 ), 28
The Boussinesq model was also activated to take account of the gravity effect (Launder & 29 Spalding, 1974) , which means that the buoyancy force due to air density differences is added as a 30 source term of the momentum equation (Boulard et al., 2002) . 31 32
Modeling of flow through insect screens and plants 33
For an air speed u, the drag forces induced by the insect screens and the crop that correspond to 34 the term S φ for the equation of motion is included into our CFD study by means of the porous 35 medium approach governed by the Darcy-Forchheimer equation: 36
where ρ (kg m ) are respectively air density and dynamic viscosity. 38
Values of both coefficients, K p (m 2 ) the permeability of the porous medium and C F (-) the non-39 linear momentum loss, are deduced from the screen geometric properties (see Appendix 1). 40
For a crop canopy one considers only the second member (quadratic term) of relation (2). The 41 sink of momentum is then proportional to leaf density and may be expressed by unit volume of the 42 canopy using an other form, the following commonly used formula (Bruse, 1998): 43 (Fig 1) . 21
The dynamics boundary conditions prescribed a nil vertical pressure gradient in the air at 22 the upper limit of the computational domain, an inlet at the Western lateral limit (see Fig. 1 . ) 23 and an outlet at the Eastern lateral limit whereas we have only considered conditions of flux 24 conservation at the Southern and Northern sides. The inlet condition at the western side 25 corresponds to the outside air conditions which direction was perpendicular to the West 26 sidewall ventilation openings. A logarithmic profile corresponding to a wind speed profile 27 similar to the one described by Haxaire (1999) for Southern France wind conditions was also 28 specified at the Western boundary. 29
The thermal boundary conditions at the limits of the studied domain were basically of two 30 types: (i) imposed temperature values equal to those measured during the experiment for the 31 whole air profile at the Western lateral limit and at external soil surface and (ii) an imposed 32 flux at internal soil surface. 33
Air speed and direction and air and soil surface temperatures and soil surface fluxes 34 together with air humidity were continuously monitored and used as boundary conditions for 35 the numerical simulation (see Table 1 at the boundaries of the simulated domain are in contradiction with the very purpose of the 27 simulation, which is to deduce the state variable inside the studied domain knowing only its 28 boundary conditions. In fact this was due to the failure to couple radiative and convective 29 exchanges, particularly at the roof and walls. In the present study, the contributions of solar 30 and atmospheric radiation have been included in the model by simulating the roof cover 31 energy balance and deducing the resulting roof temperature. 32
As the plastic cover is very thin (≈ 200 μm), one can consider that internal and external 33 roof surfaces have approximately the same temperature and that the energy balance of the 34 roof can be simplified to the following form: 35
Where Q c (Wm -2 ) represents the short wavelengths radiative flux absorbed by the roof cover 37 (direct and reflected solar radiation); together with their geometrical, optical and thermal properties, one can deduce the plastic 6 cover temperature T c (see Appendix 3). This temperature computation is introduced in the 7 numerical model using the "user defined" options available in the CFD 2000 software (see 8 Appendix 3). 9
For each trial, about 10 days of uninterrupted calculation time were needed on average 10 before converging to a solution for the greenhouse climate numerical simulation, using a 2.5 11
GHz frequency computer with a 512 MBytes random access memory (RAM). 12 13 3. Materials and methods 14
The greenhouse 15
The studied greenhouse ( the direction of the prevailing sea breeze. There is another greenhouse nearby, leeward with 20 respect to the prevailing wind and connected to the first one by an insect screened space 21 (Fig.2 ). 22
The greenhouse was provided with natural ventilation by means of seventeen roof vent 23 openings (0.6×125 m² each, i.e. a total of 1275 m 2 ) covered with insect screens (20 meshes 24 cm -1 in width, 10 meshes cm -1 in length, with a wire diameter of 0.28 mm). The sidewall 25 ventilation openings were equipped with similar insect screens and the maximum opening 26 areas were 875 m² on the West-East sides and 630 m² on the North-South sides. During the 27 experiment, the total roof opening area and total sidewall opening area were maintained 28 throughout at 1275 m² and 1505 m 2 respectively (Fig. 2 ). 29 30
Experimental conditions 31
The parameters described in Table 2 were systematically recorded, in order (i) to 32 characterise the inside microclimate, (ii) to determine the simulation boundary conditions and 33 (iii) to validate the simulation model. All these measurements were taken every 5 seconds and 34 the data were then averaged and stored every fifteen minutes in two data loggers (Models 21  35 X and CR23, Campbell Scientific, Inc., Logan, USA). 36
The greenhouse was occupied by a tomato crop (Solanum Lycopersicum, cv. Gabriella) 37 planted on July 18th, 2005, with a plant density of 1.8 plant m -2 in North-South oriented rows, 38
i.e. perpendicular to the direction of the prevailing Westerly sea breeze (Fig. 2 Validation of the numerical model with respect to experimental data measured for the 1 same boundary conditions (Table 1) shows (Fig. 3) that the difference between the simulated 2 and measured air temperature profiles from West to East of the greenhouse ranges between 3 0.1 and 0.95°C, with an average difference of 0.61°C. Examination of the simulated and 4 measured specific air humidity inside the experimental greenhouse at 1 and 4 m above the soil 5 surface (Fig. 4) , demonstrates that the measured and predicted values are very close, the 6 difference ranging between 0 and 0.9 g kg -1 , with a root mean square error of 0.1 g kg -1 . 7 8 4.1.2. Greenhouse ventilation rate and crop transpiration flux 9
The overall air exchange rate had already been determined and modelled for this particular 10 greenhouse using the overall heat and water vapour balance of the whole greenhouse space 11 (Majdoubi et al., 2007) . This approach is similar to the tracer gas method, which minimum 12 accuracy (Ducarme et al., 1994) is estimated to about 30%. Using this approach, and for the 13 same vent opening area and wind speed conditions as those used as boundary conditions for 14 our simulation ( Averaging T r the transpiration flux value which was deduced from the numerical model 17 using equation (7) between the windward and leeward parts of the inside greenhouse air, in relation with the 7 static pressure field due to wind pressure at the outside surface of the greenhouse cover. 8 Fig. 5 looks more closely at air circulation along one period (it corresponds to one span with 9 alternatively upper and lower vent openings) of the flow pattern inside the greenhouse; it 10 reveals air circulation loops due to buoyancy forces with horizontal axes which develop 11 perpendicularly to the wind direction. In fact, a detailed examination of the cross-section of 12 the vertical flow fields at the level of the roof vents, alternately positioned at the roof ridges 13 and in the dips (not shown here) has also clearly shown that these loops were fed by (cold and 14 dry) outside air coming through the lower roof openings (acting as air inlets) and (warm and 15 humid) inside air exiting through the upper roof openings situated at ridges (acting as air 16 outlets). 17
The air velocity distribution in a vertical plan situated in the centre of the greenhouse along 18 the West-East axis (Fig.6 ) allows us to determine the inside air speed more precisely: 0.2 to 19 0.5 U ext between the top of the canopy and the roof, and 0 to -0.1 U ext inside the crop canopy. 20
This considerable reduction in air speed, from 0.2 -0.5 U ext to 0 -0.1 U ext is essentially due to 21 the drag effect of the tomato plant rows, which are exactly perpendicular to the airflow. This 22 observed air speed reduction is consistent with the previous estimation of Majdoubi et al. 23 (2007) for the same greenhouse, of a strong reduction in the overall air exchange rate between 24 inside and outside owing to the drag effect of the canopy. 25
The air velocity profiles across the middle of the greenhouse at heights of 1, 3 and 4 m 26 (Fig.7) show that inside air velocity at 3 and 4 m above soil level first strongly decreases in 27 the first 10m, then increases progressively from the windward end to the leeward end, from 28 approximately 0.25U ext to 0.73U ext . A similar trend is observed at 1m above soil level in the 29 crop canopy, the inside air velocity varying approximately from -0.07U ext to -0.2U ext . One can 30 also see that a periodicity in the air speed profiles at the 1 and 3m heights is due to a 31 combination of wind and buoyancy forces imposed by the succession of roof vent openings 32 alternately positioned at the roof ridges and in the dips, thus acting as outlets for the warm and 33 light inside air and as inlets for the cold and heavy outside air. One must stress that similar 34 observations of loops of warm air going out of the greenhouse through the upper vent 35 openings while cold air was entering through the lower vent openings has systematically been 36 reported by most of the authors who have experimentally and numerically studied greenhouse 37 ventilation. Thus, Mistriotis et al.(1997a) The vertical profile of air temperature in the centre of the greenhouse (Fig.8) , shows that 1 high temperatures are confined to the immediate vicinity of all the solid surfaces intercepting 2 the solar radiative flux, but which also slow down the air flow, as it is the case for the roof 3 and soil surfaces and the crop surfaces within the canopy. Overall, the air temperature rise is 4 very sharp, from 303K (30°C) outside the greenhouse and in the inner space between the roof 5 and the top of the canopy to 311K (38°C) at the roof and soil surfaces. Within the crop 6 canopy, air temperature rises from 305K (32°C) at its top to 311K (38°C) near the soil 7 surface. 8
The longitudinal windwise profile of air temperature across the middle of the greenhouse at 9 heights of 1, 3 and 4 m (Fig. 3) , shows that overall air temperature values are significantly 10 higher near the windward end than at the leeward end. This is in agreement with our analysis 11 of the air circulation pattern showing that air speed and air exchange rate, which evacuate the 12 heat, are higher near the leeward end of the greenhouse than at the windward one. The wide 13 periodic variations in air temperature (approximately 3 to 4 K) recorded at a height of 1 m 14 explain very well the formation of convective loops at this height, induced by buoyancy 15 forces caused by important temperature differences over short vertical and horizontal 16 distances (Fig. 3) . Higher above ground level, the temperature field becomes more 17 homogeneous, as is the case at heights of 3 and 4 m (difference at same height approximately 18 0.7 K) and its absolute value tends to the value of the outside temperature.
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The vertical profile of specific air humidity in the centre of the greenhouse ( Figure 9 ) does 20 not exhibit any peaks at these levels as was the case for the temperature profile because 21 plastic roof cover and soil surface do not exchange any water vapour. However, one can state 22
an increase of about 4 g kg -1 in specific humidity from the inside greenhouse air just above 23 the canopy to the lower part of the crop canopy. 24
The longitudinal windwise profiles of specific air humidity at different heights above the 25 ground ( Figure 4 ) don't exhibit, contrary to the air speed and temperature patterns, any strong 26 gradient between the upstream and downstream ends of the greenhouse. The cyclic variations 27 of air humidity, due to the convective loops, are also shown to be much weaker than for air 28 temperature. 29
In summary, a strong, dry, cold outside air current fed by the wind is confined inside the 30 greenhouse below the roof and just above the crop canopy, inside air speed being greater and 31 air temperature and humidity lower near the upstream end of the greenhouse. As one 32 penetrates down the crop canopy from its top to the soil surface, one can observe a weak 33 reverse flow with respect to the wind direction, with very high air temperature and humidity 34 conditions. 35
One can reconstitute the main characteristics of air circulation and heat and mass transfers 36 within the greenhouse as follows (Fig 10 a) : cold, dry air penetrates through the windward 37 side vent opening. This air is first warmed up, its saturation deficit increasing automatically, 38 allowing an increase in transpiration flux within the canopy and then an increase in specific 39 humidity. This warmer and more humid air is then evacuated by buoyancy forces through the 40 upper roof vent openings (Fig 10 b) , it is replaced by colder and dryer outside air which 41 penetrates through the lower roof vent openings. Always owing to buoyancy forces between 42 inside warm and humid air and outside cold and dry air, one observes near the leeward end of 43 the greenhouse (Fig 10 c) et al. (1974) one can even say that through 50 the transpiration mechanism, the crop modify deeply its local climate, a modification which in 1 turn influences strongly transpiration. Our additions to the CFD programme, for coupling 2 aerial transfers and crop transpiration, allowed us to model this mechanism and thus simulate 3 transpiration flux throughout the canopy. 4
The latent heat flux according to canopy height below a lower roof opening where cold 5 air penetrates is presented in Fig. 11 . It shows that the latent heat of the transpiration flux 6 decreases from about 180 Wm -2 at the top of the canopy to 135 Wm -2 near the soil surface. 7
This 25% drop, already measured for a greenhouse tomato crop by Boulard et al. (1991) , is 8 attributed to two main causes: (i) the reduction in the absorption of overall radiation from the 9 top to the base of the canopy, described in our model by a Beer Lambert law (see equations 10 2.4 and 2.5 in Appendix 2) and (ii) an increase in the saturation deficit at the base of the 11 canopy, due to temperature increasing more than specific humidity (see Figures 6 and 8) ; 12 which in turn induces an increase in the stomatal resistance of the canopy leaves (see equation  13 2.3 in Appendix 2) and reduces transpiration flux. 14 The longitudinal latent heat flux distribution from West to East at 1m above ground (Fig. 15 12) revealed a considerable spatially cyclic heterogeneity with values ranging between 140 16 and 155Wm -2 . Comparing this cyclic evolution with similar ones evidenced for air speed, 17 temperature and humidity (Figs. 3, 4, 7) allows us to conclude that generally, areas with low 18 transpiration rates also correspond to areas of low air speed, high air temperature and high 19 saturation deficit, both trends significantly increasing stomatal and aerodynamic leaf 20 resistance and reducing crop transpiration rate proportionately. 21 22
Sensibility study: effect of plant row orientation on inside climate 23
In our study, the crop canopy has been treated as a single, large porous-medium block 24 occupying the entire greenhouse soil area, whereas in reality the crops stands occupied only 25 the half of the soil surface. For simulation purposes, the equivalent leaf area index per volume 26 attributed to the plants in the porous-medium block has therefore been divided by two, to 27 compensate for the artificial doubling of the canopy volume. 28
As the simulation results have underlined the strong influence of the crop canopy on flow 29 and the associated climate fields, we have tried to make the crop row modelling more realistic 30 and to test the effect of plant row orientation on inside climate. The originality of the 31 approach, designed to keep the model simple, is that it preserves a single, large parallelepiped 32 block of canopy occupying the whole greenhouse soil area, with overall porosity properties 33 accounting for the row orientation with respect to the general air circulation. 34
Three different cases have been considered: (i) the case where the whole leaf area of the 35 canopy is dispersed through the entire volume of the block occupying the whole greenhouse 36 soil area, (ii) the actual case, where the crop canopy rows are perpendicular to the outside 37 wind direction and occupy only the half of the soil surface (leaf surface density per volume of 38 crop row is twice that of case (i)), and finally (iii) a case where the plant rows are parallel to 39 the outside wind (leaf surface density per volume is also twice that of case (i)). Appendix 4 40 provides, for each case, the equivalent porous-medium properties to be considered for the 41 canopy block. 42
The results of the simulations presenting the horizontal windwise greenhouse air velocity 43 distribution from West to East at 1m height for the three cases of plant distribution considered 44 show (Fig. 13 ) that with the most realistic case, i.e. case (ii), air speed at 1m height within the 45 canopy is even lower than for case (i), and tends to 0. Conversely, orienting the rows in the 46 direction of flow (case (iii)) substantially decreases the drag of the cover and increases air 47 speed at this height. On the contrary, with the crop rows perpendicular to the wind direction 48 (case (ii)), simulations at 1m height in the canopy show that the increase of the canopy drag 49 effect induces with respect to the other two cases respectively a temperature rise of about 1°C 1 (Fig. 14) and a humidity rise of about 1g kg -1 (Fig 15) . 2
Conversely, from a practical point of view, it means that temperature and humidity rise at 3 the level of the plant canopy can be reduced by about 25% by simply orienting the crop rows 4 parallel to the direction of air flow. 5 6 5. Conclusion 7
We have seen in this study that an understanding of the air exchange mechanisms between 8 the inside and outside of the greenhouse is crucial for determining the distributed climate of 9 the greenhouse air and canopy. The CFD model of the greenhouse climate, including coupling 10 with the long wave radiative transfers and the effects of plant canopy and insect screens, 11 makes it possible to obtain a true picture of the whole greenhouse volume, including at 12 canopy level. After being verified against the observed data for air, the CFD model can then 13 be used as a powerful tool to explore the climate inside the whole greenhouse volume. One 14 can thus present the continuous distribution of the main state and flux variables of micro-15 climate and crop activity and highlight the factors that shape the inside climate. 16
In particular, the study shows that even with low outside wind speed as in our case 17
( ext U =1.3 m s -1 ), the outside wind governs in turn the inside air flow direction, inducing a 18 strong windwise air current above the canopy and a very slow reverse flow inside the crop 19 canopy. The weak air exchange within the canopy governs the climate at this level, with a 20 major increase in air temperature and a more moderate increase in specific humidity. It also 21
shows how buoyancy forces, induced by air temperature and humidity increases, give rise to 22 air loops between the canopy and the roof vents, which in turn tend to accelerate the rate of 23 heat and water vapour evacuation and to improve indoor climate conditions. 24
As our study of the influence of tomato crop row orientation shows, once the roles of the 25 different mechanisms determining the inside microclimate have been identified in this way, it 26 is possible to test virtual changes to the system so as to quickly identify solutions that will 27 substantially improve its functioning. 28 29 
References
where α is the screen porosity (-) deduced from the dimensions of the thread ( Miguel, 1998) 
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